In 1991, my colleagues and I published a hypothesis article that proposed a mechanism that controls light harvesting in plants and protects them against photodamage. The major light harvesting complex, LHCII, was suggested to undergo aggregation upon exposure of the plant to damaging levels of light. Aggregated LHCII was found to be much less efficient in light harvesting, as it promptly dissipated absorbed energy into heat, possessing a very low chlorophyll fluorescence yield. Nonphotochemical quenching (NPQ) is a term coined to describe this reduction in chlorophyll fluorescence yield. This article is a story of how the hypothesis that LHCII aggregation is involved in NPQ is developed into a model that is now becoming broadly accepted by the research community.
The photosynthetic apparatus of plants evolved a large light harvesting antenna (LHC) that captures light energy and enables their survival even in a very shady environment [1, 2] . This energy is used in the reaction centres to drive the electron and proton transport required for the synthesis of NADPH and ATP [2, 3] . Inevitable fluctuations of light intensity in nature often cause 'overload' of the reaction centre capacity leading to their damage. This in turn causes a sustained decline in the electron transport rate, and hence photosynthetic efficiency, called photoinhibition [4] . The part of the photosynthetic apparatus most vulnerable to excess light exposure is the oxygen-evolving reaction centre of Photosystem II (PSII), RCII [5] . The damage can occur when the oxidized form of RCII is produced, a species highly active and damaging to pigments and proteins. In addition, over-reduction of RCII leads to accumulation of its triplet form that, by interaction with triplet oxygen, can cause the formation of highly active singlet oxygen [5] , a species that is also highly damaging to the photosynthetic membrane.
The damaged RCII can be repaired, however, on a somewhat slow time scale (hours) and at some metabolic cost [6, 7] . Evolution, however, brought about the mechanism that enabled the avoidance of such damage by simply preventing the accumulation of excess energy around RCII [8] . This process was dubbed nonphotochemical chlorophyll fluorescence quenching (NPQ) with its major, quickly reversible component qE or energy-dependent quenching [8] [9] [10] . The first name has a technical origin, referring to the indirect measurement of the energy dissipation by its competitive process, fluorescence. The qE term originates from the fact that the quenching is triggered in the energized photosynthetic membrane when the proton gradient (DpH) is formed [11] [12] [13] . Hence, this photoprotective process lies in the very heart of the energy transformations of the 'light phase' of photosynthesis. Importantly, the quantum efficiency of PSII was found to be in reciprocal relationship with qE [14, 15] . This finding indicated that the working rate of PSII is under the control of the nonradiative energy dissipation process, qE. Furthermore, such control is absolutely essential, since it was shown that this energy dissipation protects RCII against photodamage [8, 16] and even affects plant productivity [17] .
qE in RCII vs PSII antenna
In the end of 1980s the site of qE was the topic of intense debate, with two groups advocating contradictory theories. One suggested the photosystem II reaction centre was responsible for qE [18, 19] while the other advocated the photosystem II antenna as the key site [20] . The traditional division between 'reaction centre' photochemistry and 'antenna' photophysics research communities seemed to have been further deepened by the quest for the qE mechanism. As far as the first theory is concerned, it was known that if donation of electrons by RCII is inhibited then PSII fluorescence will be quenched. This was the basis for a model put forward by Weis and coworkers [18, 19] . According to this model low lumen pH causes the release of bound Ca 2+ from PSII and raises the redox potential of the acceptor side, thereby promoting charge recombination in the reaction centre. This in turn would cause dissipation of trapped energy into heat [18, 19] . Evidence supporting this model came principally from the effects of Ca 2+ channel inhibitors and from the absence of quenching when PSII centres are open. In addition, quenching was found to be inhibited if an artificial electron donor was provided to reduce RCII, thus preventing recombination. However, doubt remained as to whether this model described qE or a photoinhibitory inactivation process in RCII under stress [20] . A number of experimental findings at the beginning of 1990s suggested that the site of qE in vivo is likely to be the antenna rather the RCII itself. The PSII antenna has a heterogeneous nature [21, 22] . Its major complex which carries the bulk of the harvesting pigments is called LHCII. In addition, three minor antenna complexes, CP24, 26 and 29 carry 10 times less pigments and are often designated as the minor LHCII antenna [23] . In addition, the two core antenna complexes CP43 and CP47 are closely associated with RCII and serve to focus energy captured by the LHCII complexes into RCII [22] . Indeed, contrary to the above hypothesis on the involvement of reaction centres in qE it was found that the quenching was associated with a significant decrease in fluorescence when all RCIIs were open [8, 20] . qE persisted at 77K -a temperature that inhibits the photochemical processes central to the RCII-mediated qE mechanism [24] . Moreover, qE was found to be associated with quenched fluorescence bands originating from LHCII complexes [24] .
Moreover, spectral analysis of qE and quenching caused by RCII activity (photochemical quenching, qP) showed that different emitting bands were quenched: qP preferentially quenched the PSII core fluorescence (685 and 693 nm bands) while qE quenched the 680 and 700 nm bands that belong to LHCII [25] . Direct measurement of heat emission in the qE state showed it to occur promptly which can only happen in antenna complexes [26] . Plants lacking most of the LHCII antenna components possessed much reduced levels of qE [27] [28] [29] . Cross-linkers that bind to protein blocked qE in the same way as they restricted the transition of isolated LHCII from efficient to protective states [30] . qE and isolated trimeric LHCII responded in the same way to a number of factors such as pH, antimycin A, dicyclohexylcarbodiimide (DCCD), tertiary amines and magnesium [31] [32] [33] . Later, qE was found to be almost entirely dependent upon the presence of exclusively LHCII antenna-bound xanthophylls, lutein and zeaxanthin [8, 34] .
LHCII aggregation hypothesis
A fresh approach to the qE localization and mechanism, and a new vision was required for further progress. This was found in the application of multidisciplinary biochemical, spectroscopic and physiological methods and breaking away from conventional thinking. This resulted in the hypothesis published in FEBS Letters in 1991 [35] . Indeed, my work as a biophysicist and spectroscopist in the well-known plant physiology and biochemistry laboratory of Peter Horton at Sheffield University proved to be synergistic, yielding an unexpected twist in qE research. We isolated LHCII complexes from spinach thylakoid membranes and noticed that the fluorescence spectrum and consequently the yield were not stable but depended upon the isolation procedure and the amount and type of detergent used during the solubilization and storage of the complex [36, 37] . Furthermore, we revealed that the fluorescence yield of LHCII could be decreased by more than 10 times at low pH [32, 36] . If this functional flexibility is also a feature of LHCII in the membrane it could be of fundamental importance as a basis for light harvesting control in plants. The 1991 hypothesis paper suggested that low lumen pH caused LHCII to aggregate in the membrane as it does in vitro under low pH and low detergent concentration. This was supported by the fact that LHCII aggregation was inhibited by antimycin A in the same manner as in qE, revealing absorption spectral changes in those associated with qE, particularly the appearance of a slight band at 685 nm and enduring similar effects by LHCII-bound xanthophylls [36, 37] . Figure 1 depicts the diagram of the relationship between DpH, LHCII intertrimer interactions (aggregation), the xanthophylls, violaxanthin and zeaxanthin, and heat dissipation (H) or qE.
Zeaxanthin role: allosteric character of qE
Thylakoid membranes enriched in the carotenoid zeaxanthin produced more aggregated LHCII upon isolation than membranes containing violaxanthin [36, 37] . The two xanthophylls are a part of the so-called xanthophyll cycle that interconverts one into another by two enzymes, epoxidase and de-epoxidase [38, 39] . De-epoxidation of violaxanthin takes place in light and the enzyme is activated by low lumen pH [39] . Barbara Demmig-Adams discovered that qE is largely correlated with the presence of zeaxanthin [40] . This prompted the opinion that the pigment is an excess energy quencher in the PSII antenna [41, 42] . A series of ultrafast kinetic experiments performed in vivo were undertaken in Graham Fleming's laboratory which indicated the involvement of zeaxanthin radical cation formation in a chlorophyll-zeaxanthin pair that could be a physical mechanism behind qE [43, 44] . Later, similar experiments were performed on isolated recombinant minor LHCII antenna complex, CP29 that contained zeaxanthin. They demonstrated the formation of a similar type of a radical state implying that this particular minor LHCII complex is a site of qE [45, 46] . However, Peter Horton's laboratory revealed that qE can be observed even in the absence of zeaxanthin, hence prompting the opinion that zeaxanthin may play an indirect role in quenching rather than being a quencher or there should be a different process that quenched fluorescence in its absence. [20, 31] . Firstly, experiments on fluorescence quenching of isolated major LHCII complexes by low pH demonstrated that while the addition of zeaxanthin to the reaction mixture accelerated the formation of quenching, violaxanthin retarded the formation rather than simply inhibiting it [32] . Later, similar results were obtained for minor LHCII complexes that were devoid of zeaxanthin, implying that actually all LHCII components can respond to low pH and undergo aggregation and quenching [47] . Hence, zeaxanthin appeared not to be an obligatory requirement for the quenching process but was rather its promoter [48] . This fact prompted Horton and coworkers to put forward an allosteric model for the regulation of qE [49] (Fig. 1) . This model implied that the xanthophyll cycle acted as a modulator of the process with the allosteric molecules violaxanthin and zeaxanthin that tuned qE to the environmental light conditions (for more details see below). The two opposing views on the involvement of zeaxanthin have been tested by new genetic manipulation approaches.
Genetic manipulation in qE research, the role of the PsbS protein
Since the antenna model for qE has been broadly accepted, various groups were prompted to study in-depth the localization and mechanism of the pigment that dissipates the excess energy -the quencher -in the emerging complexity of the PSII antenna structure [21] . Gradually, the white boxes in Fig. 1 xanthophyll cycle. While the minor LHCII complexes, CP24, 26 and 29 displayed somewhat less efficient de-epoxidation of violaxanthin [50] [51] [52] . In particular, the CP29 complex that has been implied to play a major role in qE (see above) contained violaxanthin that was barely convertible into zeaxanthin. This fact put more emphasis on the model of Horton and coworkers that suggested the origin of qE in the major LHCII complex and the indirect involvement of zeaxanthin in the process [49] .
However, the debate continued and further studies were carried on using the genetic antisense or knockout mutagenesis directed to selectively delete specific antenna proteins or pigments. The work of Dean DellaPenna, Barry Pogson, Kris Niyogi and Roberto Bassi has produced an array of various mutants [34, [53] [54] [55] . The most crucial discovery was made by Kris Niyogi who produced the Arabidopsis mutant devoid of qE -npq4 [55] . This mutant was lacking the PsbS subunit of PSII. Later it was found not to be a part of the RCII complex and not binding any pigments [56] . Instead, the protein contained protonatable aminoacids that sensed the signal from DpH [57] . How PsbS acts upon receiving this signal remained under investigation (for the further discussion see the next paragraph). Interestingly, overexpression of PsbS in plants lacking zeaxanthin caused an enhancement of qE suggesting the independent action of this protein and the xanthophyll cycle [58] . The other mutant, npq1 that was unable to form zeaxanthin still possessed qE [54] -a fact rather consistent with an indirect involvement of zeaxanthin in the quenching. Removal of each of the minor complexes did not abolish qE either [59, 60] . The most recent mutant, NoM, devoid of all three minor LHCII complexes [61] possessed high levels of qE despite reduced electron transport rates and proton gradient [62] . NoM plants grown on lincomycin with highly reduced amounts of RCII complexes still displayed strong qE [62] suggesting that the minimum requirement for the quenching is the presence of the proton gradient, the PsbS protein and LHCII trimers. This work also implied that not only the RCII itself but the structure of the PSII dimeric supercomplex is not essential for qE. Moreover, the recently discovered weak [63] or nonexistent [64] binding of PsbS to RCII components in the qE state supported this point.
Structure and dynamics of LHCII landscapes in the photosynthetic membrane
Does LHCII antenna aggregation take place in vivo when qE is being established? The question remained under debate until we undertook a series of freeze fracture electron microscopy studies dedicated to this question. The technique is capable of visualizing LHCII complexes in the intact membrane hence giving information about the mutual distances between them [65] . Combined with computer image analysis this technique established that in the qE state the average intertrimer distances became significantly shorter, implying the establishment of protein clusters resembling the LHCII aggregates in vitro [66] [67] [68] . This clustering was reversible in the dark and was enhanced by the presence of PsbS protein and zeaxanthin [67, 68] . Moreover, the typical F700 fluorescence band of LHCII aggregates was found to be strongly enhanced in the qE state [68] . Therefore, compelling evidence for aggregation of LHCII has been obtained. Zeaxanthin enhanced this clustering even in the dark [66] . Experiments using fluorescence recovery after photobleaching (FRAP) on dark-adapted chloroplasts showed that while zeaxanthin inhibited the mobility of LHCII in the thylakoid membrane, the PsbS protein greatly enhanced it [66, 67] . This indicated that the protein acted as a 'lubricant', enabling a greater fraction of LHCII to diffuse in the membrane [69] . This fact was also confirmed by the enhancement in the rate of state transitions in the PsbS-overexpressing plants [69] . Onset of qE, on the other hand, made the LHCII less mobile -consistent with the formation of the protein clusters [66, 69] . In PsbS-overexpressing plants, LHCII clustering was further increased in correlation with decreased mobility [66] [67] [68] .
The above observations prompted us to undertake a project that was focussed to test what actually happens with the PsbS protein upon DpH formation and triggering of qE. We used a magnetic bead pull-down technique to map PsbS interactions with each of the LHCII antenna polypeptides in the dark and qE states in the absence and the presence of zeaxanthin [64] . We have also studied the redistribution of PsbS in the thylakoid membrane using the immunogold labelling techniques [64] . The interaction patterns are shown in Fig. 2 . As in Fig. 1, it shows four different states of the light harvesting system of PSII: dark + violaxanthin; light + violaxanthin; dark + zeaxanthin; and light + zeaxanthin -the four part model of Horton and coworkers [35] (Fig. 1) but with much more detail. PsbS in the dark is a dimer weakly and nonspecifically interacting with LHCII antenna major and minor complexes [63, 64] . Upon protonation it monomerizes and changes its localization and its binding affinity to the antenna increases [64] . Zeaxanthin further increases this affinity pitching it towards the minor complexes, CP29 in particular. As a result of these dynamics the antenna becomes more clustered within the photosystem unit and between the units (see above). Hence, the role of PsbS is that of a seeding centre for such clustering but unlike zeaxanthin that promotes only aggregation, deprotonated PsbS can efficiently restore the unquenched, light harvesting state, hence breaking the LHCII clustering [64, 69] . The presence of the RCII complex hardly affects these transitions, if anything it simply promotes the antenna reassembly in the dark [68, 69] .
The molecular switch within LHCII
While now, the site, major LHCII antenna complex and its aggregation in qE state appears to leave a little space for a dispute, the nature of the quenching pigment itself remains under debate. Zeaxanthin became increasingly an unlikely candidate, at least as far as the minor antenna is concerned. However, the possibility remains that the loosely bound zeaxanthin can form radical pair states with chlorophylls of LHCII and act as a type of quencher as proposed by Graham Fleming and coworkers [43] [44] [45] [46] . However, the mechanics of zeaxanthin activation as a quencher is not known or proposed yet, apart from the idea of transient binding of the pigment to PsbS [70] . On the other hand, LHCII carries lutein and chlorophyll a molecules, that are considered as candidates for qE quenchers [71] . Unlike zeaxanthin, lutein and chlorophyll a are strongly bound into the structure of the complex [51, 72] . Hence, aggregation of LHCII per se is unlikely to make them quenchers unless it affects the inner structure of the protein. Indeed, it was shown that the large quenching in isolated LHCII can be achieved without aggregation by applying the polymerization in gels, high hydrostatic pressure or single molecule fluorescence spectroscopy (SMS) [73] [74] [75] [76] . These different approaches convincingly demonstrated that the quencher resides within LHCII. Aggregation is a process that helps the intrinsic change within the complex in an allosteric fashion by facilitating its sensitivity to protons controlled by zeaxanthin and the PsbS protein [77] . Therefore, the qE switch is effective based on structural alterations within LHCII and well-tuneable by the external factors that control antenna aggregation.
Rienk van Grondelle's group used the transient absorption spectroscopy on aggregated LHCII producing strong evidence that one of the LHCII luteins (Lutein 1) associated with a group of terminal emitter chlorophylls is activated as a quencher via the first singlet state (S1) slow energy transfer from these chlorophylls [78] . Further theoretical work justified reasonably well such a possibility [79] . However, the work of Alfred Holzwarth's group proposed an alternative interpretation of transient absorption results supporting the earlier proposed ideas of Horton and coworkers [24, 36, 49] of the involvement of quenching chlorophyll associates (dimers) that can be established as a result of conformational change in LHCII [80] . Later the SMS and fluorescence Stark spectroscopy studies established the existence of such associates in at least excimeric form that could potentially be a channel in the energy dissipation, albeit the minor one [81] . Indeed, the possibility remains that the tightly 'packed' pigment array of LHCII small structural alterations could bring about inevitably changes in pigment-pigment interactions and conformation involving both xanthophylls and chlorophylls. The atomic details of these alterations leading to qE are not known, since the structure of only quenched LHCII has been solved [82] . The molecular modelling is under way to predict LHCII dynamics leading to qE [83] [84] [85] .
Physiological implications of the qE model
It is important to realize that the physiological implications of the qE model described here are by far more significant than the identity of the quencher within the antenna. The principle of allostericity is of great physiological and evolutionary importance. Removal of damaging absorbed excitation energy requires the excess level is sensed well and transduced to the photosystem II antenna structure. It is well understood and accepted that the level of DpH across the photosynthetic membrane is the physiological light exposure sensor. However, this sensing is partially complicated because DpH has several functions. Indeed, it drives ATP synthesis through ATPase, it also (if high) constrains electron transport at the site of cytochrome b6f complex. Moreover, a high proton gradient inhibits electron donation to PSII and was reported to be a primary cause of photoinhibition [86] . Essentially, the optimum value of DpH has to simultaneously allow high rates of photosynthesis and energy dissipation under high light. Yet, under low light, quenching needs to be switched off at DpH levels that are still sufficient for ATP synthesis. It is, therefore, probable that DpH is regulated within narrow limits and that qE is controlled by small DpH changes resulting from highly cooperative control. Such regulation does occur via the xanthophyll cycle that sharply alters the relationship between qE and DpH as established by Horton and coworkers [87] . While the pK for qE in the absence of zeaxanthin is about 4.5, with 80% of de-epoxidation the pK shifts to 6.5 [87] . The explanation of this shift is that the very hydrophobic xanthophyll zeaxanthin enhances the hydrophobicity in the environment of protonatable aminoacids in LHCII that trigger the conformational change leading to qE [69, 77, 88] . Indeed, the pKas of glutamate and aspartate were found to rise dramatically in hydrophobic environments compared to the water-exposed domains largely due to the absence of hydrogen bonding [89, 90] .
Conclusions and perspectives
After 27 years the aggregation hypothesis became an allosteric model of light harvesting control in plants. During this time a number of alternative proposals have been put forward. Apart from the reaction centre model of qE [18, 19] they included light-induced quenching in the antenna [91] , quenching in the core PSII complexes [92] , Crofts minor antenna-based model [93] and quenching involving PsbS as a carrier of zeaxanthin [94] . Although the physical nature of the qE quencher has yet to be unequivocally established, the general outline of qE as proposed by Horton and coworkers is becoming gradually accepted [8] . The light harvesting system of PSII undergoes a conformational change that includes LHCII aggregation that is promoted by bound zeaxanthin and monomeric PsbS protein. These latter cofactors lower the pK for antenna protonation, prompting the transition into the quenching state. While zeaxanthin gently tunes LHCII sensitivity to the proton gradient, PsbS controls the amount of LHCII units involved in aggregation acting like a seeding centre. Most importantly, qE requires only the presence of DpH, PsbS and the major LHCII complex [62] . The structure of the RCII complex is not essential [68, 95] . Zeaxanthin tunes qE sensitivity to DpH, balancing the light harvesting and dissipation processes to the particular light environment. PsbS senses DpH and works as a quick switch between harvesting and protective states enabling tracking the light intensity fluctuations in Nature and smoothing electron transport flow oscillations. It has been shown that such fast light tracking mechanism has a significant impact upon plant productivity [17] . This is an extremely important recent discovery with a great potential impact upon future improvement of crops [96] .
